Signet-ring cell mesothelioma is uncommon and only two case reports have been published on this mesothelioma variant, both of which were initially misdiagnosed as signet-ring cell carcinoma. Herein are reported 23 signet-ring cell mesotheliomas that were investigated by immunohistochemistry, 12 of which were also studied by electron microscopy. Twenty-one of the cases originated in the pleura and two in the peritoneum. For comparison purposes and in order to determine the value of these techniques in the differential diagnosis of these tumors, seven cases of signet-ring cell lung adenocarcinoma were also studied. All signetring cell mesotheliomas were positive for calretinin, keratin 5/6, keratin 7, and mesothelin, 93% for podoplanin, and 91% for WT1; whereas, none reacted for MOC-31, CEA, TAG-72, CD15, TTF-1, napsin A, or CDX2. Among signet-ring cell lung adenocarcinomas, 100% were positive for keratin 7, CEA, and napsin A, 86% each for TTF-1 and TAG-72, 71% for CD15, and 14% for mesothelin, while all were negative for calretinin, keratin 5/6, WT1, podoplanin, and CDX2. After analyzing the results, it is concluded that the panels of markers used in the differential diagnosis of this mesothelioma variant should include those markers that are usually expressed in mesotheliomas (eg, calretinin, keratin 5/6, WT1, and podoplanin), broad-spectrum carcinoma markers that are frequently expressed in adenocarcinomas regardless of their site of origin (eg, MOC-31 and CEA), and organ-associated markers (eg, TTF-1 and napsin A for lung), which allow the site of origin of a metastatic adenocarcinoma to be established. Electron microscopy can be very useful as it permits the identification of characteristic ultrastructural mesothelioma and adenocarcinoma markers, and it also allows a better understanding of the morphologic features seen on routine light microscopy. Pathologists should be aware of this mesothelioma subtype as it can potentially be confused with other tumors that exhibit signet-ring features. Modern Pathology (2013) 26, 370-384; doi:10.1038/modpathol.2012.172; published online 5 October 2012
The finding of occasional vacuolated cells exhibiting signet-ring-like morphology is not rare in mesotheliomas; however, epithelioid mesotheliomas having a large number of such cells are relatively uncommon and have been subclassified as signet-ring cell mesotheliomas. 1 Signet-ring cell carcinomas can arise in a wide variety of organs, including lung, [2] [3] [4] [5] [6] stomach, 7, 8 colon, [8] [9] [10] breast, 8, 11, 12 urinary bladder, [13] [14] [15] [16] [17] pancreas, 18 salivary glands, 19 and prostate. [20] [21] [22] [23] [24] [25] [26] [27] [28] The signet-ring configuration seen in adenocarcinomas has traditionally been associated with the accumulation of large amounts of intracytoplasmic mucin. It can also occur as a result of the formation of a true intracytoplasmic lumen with displacement of the nucleus toward the periphery of the cell, in which case, special stains for mucin are often negative, as in the case of signet-ring cell carcinomas of the prostate. 20 Although the presence of mucin has been used to distinguish mesotheliomas from adenocarcinomas, examples of mesotheliomas producing mucin, including cases having cells with signet-ring morphology, have been documented. [29] [30] [31] Because of all of this and the fact that the serosal membranes are one of the most common sites of metastasis for signetring cell adenocarcinomas regardless of their site of origin, mesotheliomas with signet-ring morphology can potentially be confused with adenocarcinomas exhibiting signet-ring features, especially when they are associated with myxoid stroma or when the biopsy material is limited and does not contain areas displaying a more conventional morphology. In addition, signet-ring cell carcinomas of the lung can occasionally involve the pleura with encasement of the lung and, clinically and radiologically, mimic mesothelioma. 32 Even though mesotheliomas with signet-ring features are often mentioned in major publications and review articles on the pathology of mesotheliomas, 1, 33, 34 to my knowledge, only two case reports in which the primary focus was on this variant of epithelioid mesothelioma have been published. 31, 35 Given that a detailed investigation of a series of signetring cell mesotheliomas has yet to be published, the study of 23 such cases was undertaken and the results are herein reported. The value of both immunohistochemistry and electron microscopy in assisting in distinguishing these tumors from signet-ring cell adenocarcinomas of the lung, several cases of which are included for comparison purposes, is also discussed. To my knowledge, the ultrastructural features of a signet-ring cell adenocarcinoma of the lung have not previously been described.
Materials and methods
Twenty-three cases of epithelioid mesothelioma with signet-ring cell features were identified from the files of the Department of Pathology and the Electron Microscopy section at the University of Texas MD Anderson Cancer Center. The cases were selected based on at least 10% of the tumor being composed of cells exhibiting signet-ring-like morphology and they were then compared with seven cases of signet-ring cell adenocarcinoma of the lung. Tissue specimens were fixed in 10% buffered formalin and processed for routine light microscopy. Sections were cut and stained with hematoxylinand-eosin in all cases. Mayer's mucicarmine stain was done in selected cases. Immunohistochemical studies were performed on formalin-fixed, paraffinembedded tissue sections using the streptavidinbiotinylated horseradish peroxidase complex method in a Dako AutoStainer (Carpinteria, CA, USA). The primary antibodies are listed in Table 1 . The immunostaining was carried out using the LSAB2 peroxidase kit (Dako). To enhance the immunostaining, a heat epitope retrieval procedure was performed using a Black-and-Decker vegetable steamer (Shelton, CT, USA). Briefly, deparaffinized sections were placed in a thermoresistant container filled with a buffer solution. Depending upon the antibody, the buffer solution used was citrate buffer (pH 6.0) or a 1:1 solution of Tris-EDTA buffer (pH 8.0). The antigen-antibody immunoreaction was visualized using either 3-amino-9-ethylcarbazole or 3,3
0 -diaminobenzidine as chromogen. To evaluate the specificity of the immunoreaction, known positive and negative tissues were used as controls. The immunostaining was graded on a sliding scale of 1 þ to 4 þ according to the percentage of reactive cells (trace, o1%; 1 þ , 1-25%; 2 þ , 26-50%; 3 þ , 51-75%; 4 þ ,475%). Ultrastructural studies were performed on 12 of the mesothelioma cases and in 1 of the signet-ring cell adenocarcinomas of the lung. Tissue samples were fixed in 2% glutaraldehyde in phosphate buffer, post-fixed in 1% osmium tetroxide, and embedded in Epon epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate.
Results

Clinical Findings
Twenty patients were men and 3 were women ranging in age from 43 to 74 years (mean, 60 years). There was a history of asbestos exposure in 12 patients and smoking in 16. The mesothelioma originated in the pleura in 21 cases and in the peritoneum in 2. Two of the patients (cases 19 and 21) were initially diagnosed as having signet-ring cell adenocarcinomas. Fifteen of the 21 patients with pleural mesothelioma underwent extrapleural pneumonectomy and most also received radiotherapy and/or chemotherapy after surgery (Table 2) . Four underwent decortication and/or tumor debulking followed by radiotherapy and chemotherapy in two cases, chemotherapy alone in one, and radiotherapy, chemotherapy, and lobectomy in 1. One patient received radiotherapy and chemotherapy, and the remaining patients received chemotherapy alone. The two patients with peritoneal mesothelioma underwent tumor debulking followed by chemotherapy. Twenty-two patients died of disease 3-42 months (mean, 15 months) after diagnosis; no follow-up information was available in the remaining patient.
Pathology Findings
Gross examination of the 15 pneumonectomy specimens showed diffuse involvement of the visceral and parietal pleura with encasement of the lung. Five of the patients had involvement of the adjacent lung parenchyma, diaphragm, and pericardium (cases 12, 16, 17, 20, and 21) , five of the adjacent lung parenchyma and diaphragm (cases 2, 6, 11, 13, and 14), one of the pericardium, diaphragm, and chest wall (case 5), one of the chest wall alone (case Signet-ring cell mesothelioma 7), and two of the adjacent lung parenchyma alone (cases 9 and 10). Multiple lymph nodes were involved by metastases in 11 of the cases (cases 5, 6, 7, 9, 11, 12, 13, 14, 16, 17, and 21) . The most significant microscopic findings are summarized in Table 2 . In all of the biopsy specimens, the tumor appeared to be largely composed of epithelioid cells having signet-ring-like features. In the 15 patients who subsequently underwent extrapleural pneumonectomy, the tumor in the pneumonectomy specimens was classified as epithelioid in 13 cases and as biphasic in 2. In all instances, the tumor exhibited areas in which it appeared to be extensively composed of cells displaying signet-ring cell morphology. (Figure 3a-d) . While the signet-ring cells had clear vacuoles in most cases, in some, the vacuoles contained variable amounts of a bluish granular material, which most probably represented proteoglycans (Figures 1f and 2b ). This type of signet-ring cell was particularly numerous in two cases that had areas of prominent myxoid stroma. None of the seven cases stained with Mayer's mucicarmine stain were positive. The neoplastic cells of the signet-ring cell lung adenocarcinomas appeared to contain variable amounts of mucin that, in some instances, seemed to displace the nucleus toward the periphery of the cell (Figure 4a ). In addition, the signet-ring-like cells in some of the cases appeared to contain a relatively large, intracytoplasmic vacuole ( Figure 4d ) that was better seen by immunostaining for keratin 7 (Figure 4e ).
Immunohistochemistry
The immunohistochemical results are summarized in Table 3 . The signet-ring cells in all 23 of the mesothelioma cases reacted for calretinin and the staining was both nuclear and cytoplasmic (Figure 3d ). These cells were also positive for keratin 5/6, keratin 7, and mesothelin in all cases stained for these markers (Figure 3e ). The reactivity for the latter marker typically occurred along both the cell membrane and that bordering the intracytoplasmic lumina (Figure 3f ). Twenty (91%) of 22 and 14 (93%) of 15 cases were positive for WT1 and podoplanin, respectively, and the staining was nuclear (WT1) and membranous (podoplanin). All cases stained for MOC-31, CEA, TAG-72, CD15, TTF-1, napsin A, keratin 20, or CDX2 were negative for these markers.
All signet-ring cell lung adenocarcinomas stained for keratin 7, MOC-31, CEA, and napsin A, as well as six of the seven stained for TTF-1, were positive for these markers (Figure 4b , c, e, and f). None of the cases investigated for keratin 5/6, keratin 20, calretinin, WT1, podoplanin, or CDX2 were positive for any of these markers.
Electron Microscopic Findings
Electron microscopic studies demonstrated that the signet-ring-like appearance of the neoplastic cells seen on light microscopy was primarily caused by the presence of a single, or sometimes multiple, intracytoplasmic lumina that, in early stages, did not cause the displacement of the nucleus (Figure 5a ). As the lumens increased in size, however, they progressively displaced the nucleus toward the periphery of the cell, thus creating the characteristic signet-ring-like appearance (Figure 5b and c). The cells usually contained a single nucleus with a prominent nucleolus, but binucleation was not rare. The cell membrane lining the intracytoplasmic lumina was often covered by a variable number of long microvilli or, on occasion, by a layer of electron-dense material that most probably represented proteoglycans (Figure 6a and b) . Electron microscopy also showed that, in some instances, the signet-ring cell morphology noted by light Signet-ring cell mesothelioma microscopy was not caused by the presence of intracytoplasmic lumina, but rather by a pronounced dilatation of the intercellular space between two adjacent cells that was not discernible by light microscopy. This type of signet-ring cell may appear to be either mononucleated or binucleated depending on whether both nuclei were present in the plane of section (Figure 7a-d ). An interesting finding in two of the cases was the presence of extracellular tubular crystalloids that were found in the intercellular space in close association with the microvilli (Figure 7a and d) .
Ultrastructural examination of the signet-ring cell adenocarcinoma of the lung demonstrated that the signet-ring morphology was primarily caused by the intracytoplasmic accumulation of a large number of mucin granules of moderate electron density (Figure 8a ). In addition to the mucin granules, some of the cells occasionally exhibited an intracytoplasmic lumen, along which mucin granules appeared to align and empty into the lumen (Figure 8b and c).
Discussion
Characteristically, mesotheliomas can present a diverse array of cytomorphologic features and grow in a wide variety of histologic patterns. Based on their morphology, these tumors have been classified into four major histologic subtypes: epithelioid, sarcomatoid, mixed epithelioid and sarcomatoid (biphasic), and desmoplastic, the most common of which is epithelioid. 33 Most epithelioid mesotheliomas exhibit a tubulopapillary, adenomatoid, or solid pattern; however, in rare instances, they may present other histologic patterns, including deciduoid, [36] [37] [38] clear cell, 39, 40 adenoid cystic, 34 pleomorphic, 41, 42 small cell, 43, 44 rhabdoid, 45 glomeruloid, 46 oncocytoid, 47 and signet-ring cell. 31, 35 Although the finding of an occasional signet-ring cell is not rare in mesotheliomas, the presence of large areas primarily composed of this type of cell is relatively uncommon, as is demonstrated by the fact that only a very limited number of publications on mesotheliomas with signet-ring-like features have been published. In a review of the literature, I was able to find only two publications that focused primarily on signet-ring cell mesotheliomas, both of which were case reports and both of these cases were peritoneal mesotheliomas. 31, 35 One report was the case of a 57-year-old woman with no history of asbestos exposure who presented with recurrent ascites that was initially diagnosed as a carcinoma because of the presence of signet-ring cells in the cytologic preparations. 35 The second was the case of a 59-year-old man with a 30-year history of heavy asbestos exposure who presented with ascites containing malignant cells whose precise type could not be determined. 31 As ultrasound studies revealed thickening of the gastric wall, the possibility of linitis plastica was raised. The patient died 3 months later, and at autopsy multiple tumor nodules were found throughout the omentum, mesentery, and diaphragm. The stomach wall was markedly thickened and infiltrated by tumor cells. Microscopically, the neoplastic cells had signet-ring-like features and contained neutral mucin as demonstrated by Mayer's mucicarmine stain. Immunohistochemical studies, together with electron microscopy, established the diagnosis of mesothelioma. Two of the cases in the present series were also initially misdiagnosed as signet-ring cell adenocarcinomas.
Cell vacuolization, including the presence of signet-ring cells, is a frequent feature of mesotheliomas that has not been sufficiently emphasized. Intracytoplasmic lumina are, in my experience, often seen in most subtypes of mesotheliomas, including some uncommon variants, such as small cell 44 and deciduoid. 38 In many instances, however, because of their size, they may not be apparent on routine light microscopy, but they can be easily demonstrated by electron microscopy or by the use of immunohistochemical markers, such as mesothelin or podoplanin, which are commonly expressed along the limiting membrane of the intracytoplasmic lumen (Figure 3f ).
The present study demonstrates that signet-ring cell morphology is often caused by the presence of a single enlarging lumen within the cytoplasm or by multiple intracytoplasmic lumina that coalesce to form a larger one that progressively displaces the nucleus toward the periphery of the cell, resulting in the characteristic signet-ring-like features seen on light microscopy. The finding of binucleated signet-ring cells is not an unexpected finding as binucleation is not rare in mesotheliomas. What is unexpected is that, in some instances, when the binucleated signet-ring cells seen on light Signet-ring cell mesothelioma microscopy are viewed by electron microscopy, it becomes clear that the signet-ring-like morphology is actually the result of a massive dilatation of the intercellular space with displacement of the nuclei toward the periphery of the cells. This mechanism in the formation of signet-ring cells has not, to my knowledge, previously been described in either mesotheliomas or any other type of signet-ring cell tumor.
The morphologic features of the single case of signet-ring cell lung adenocarcinoma that was studied by electron microscopy were demonstrated to be the result of the presence of intracytoplasmic lumina and/or a large number of mucin-containing granules. Although mucin granules were not seen in the signet-ring cell mesotheliomas, some of the cases showed variable amounts of electron-dense material, thought to be proteoglycans, along the limiting membrane of the intracytoplasmic lumina, as well as in the extracellular space, especially in those cases exhibiting prominent myxoid stroma. Positivity for neutral mucin in mesotheliomas, as demonstrated by Mayer's mucicarmine stain or periodic acid-Schiff with diastase pretreatment, is uncommon and has been reported to occur in about 5% of the cases, 30 including signet-ring cell mesotheliomas. 31 This positivity has been attributed by some authors to the presence of large amounts of Signet-ring cell mesothelioma proteoglycans. 30 An interesting ultrastructural finding in two of the signet-ring cell mesothelioma cases in the present study was the presence of tubular crystalloids associated with microvilli. A similar type of crystalloid was previously reported by Hammar et al in 1996 in four mucicarminepositive mesothelioma cases. 30 More recently, in a prospective ultrastructural study, crystalloid inclusions, including the type seen in the present study, were found in 9 (15%) of 59 epithelioid mesotheliomas, which indicates that crystalloids are not as rare a finding in mesotheliomas as was previously believed. 47 It was also concluded that, when present, these crystalloids can serve as a helpful ultrastructural marker for assisting in the diagnosis of mesotheliomas because of their unique morphology.
Another important observation in the present investigation is that signet-ring cells have a significant role in the development of the patterns seen in some of the histologic subtypes that have been described in mesotheliomas. When these cells are numerous and coalescent, they may produce a pattern resembling that of a well-differentiated lipomatous lesion, as was demonstrated not only in this study but also in previous reports, 48, 49 including that of a pericardial mesothelioma that was predominantly composed of vacuolated cells exhibiting features reminiscent of a welldifferentiated lipoma-like liposarcoma. 48 This investigation also demonstrates that the coalescence of the vacuolated cells, including the signet-ring cells, can have a role in the formation of a microcystic, macrotubular, or adenomatoid-like pattern.
The results of the present study demonstrate that signet-ring cell mesotheliomas maintain the immunophenotype seen in other, more conventional, types of epithelioid mesotheliomas, particularly the expression of keratin 7, keratin 5/6, calretinin, and mesothelin, which were found to be diffusely and strongly positive in all of the cases in which expression for these markers was investigated. Immunoreactivity for other positive mesothelioma markers (WT1 and podoplanin) was also frequent, but somewhat more variable, as these markers were not found to be expressed in all of the cases and the staining was sometimes focal. An interesting immunohistochemical finding in some of the mesothelioma cases that were stained for mesothelin or podoplanin was the demonstration of small intracytoplasmic lumina or globoid-like inclusions in the solid areas of the tumor in which it was difficult or impossible to discern intracytoplasmic lumina on routine hematoxylin-and-eosin-stained sections (Figure 3f ). Electron microscopy studies showed that the globoid-like staining pattern was associated with the presence of small intracytoplasmic lumina filled with microvilli. All of the broadspectrum carcinoma markers investigated in the present study (MOC-31, CEA, TAG-72, and CD15) were negative for mesothelioma.
Mesotheliomas with signet-ring cell features can be confused with a variety of other tumors with similar morphology that can involve the serosal membranes. One of the tumors with the greatest potential of being confused with mesotheliomas with signet-ring cell features is signet-ring cell adenocarcinoma of the lung metastatic to the pleura. In those instances in which this differential diagnosis arises, immunohistochemical studies for lungassociated markers, such as TTF-1 50 and napsin A, 51 can greatly facilitate this distinction as these markers have been reported to be frequently expressed in lung adenocarcinomas, but absent in mesotheliomas. [52] [53] [54] The percentage of TTF-1 expression reported in signet-ring cell lung Table 3 Immunohistochemical results
Marker
Signet-ring cell mesothelioma Signet-ring cell carcinoma-lung þ Cases/n (%) Grade of reactivity þ Cases/n (%) Grade of reactivity adenocarcinomas has ranged from 80 to 100%. 4, 6, [55] [56] [57] In a combined review of four large series, 94 (85%) of 110 such cases were shown to express TTF-1. 4, 6, 55, 57 These findings are in agreement with the results of the present study in which six (86%) of seven signet-ring cell lung adenocarcinomas were positive for this marker. Napsin A is a recently available lung adenocarcinoma marker that, similar to TTF-1, has also been reported to be frequently expressed in these tumors (B60-90%). 51, 53, [58] [59] [60] All four of the signet-ring cell adenocarcinomas of the lung that were stained for napsin A in the present study exhibited strong positivity for this marker. To my knowledge, this is the first study on napsin A expression in signet-ring cell adenocarcinomas of the lung.
Other frequent sites of origin of carcinomas with signet-ring cell morphology are the gastrointestinal tract and breast. As these tumors can metastasize to the serosal membranes, they can potentially be confused with signet-ring cell mesotheliomas, particularly in small biopsies or cytology specimens. As CDX2 is a sensitive and relatively specific marker for intestinal differentiation that has been reported to be expressed in the majority of signet-ring cell carcinomas of the colon (90-100%) 8, 61 and less frequently in the stomach (B45%), 8, 62 but not in mesotheliomas, immunostaining for this marker, especially when it is used in conjunction with other markers, such as keratin 20, which is frequently expressed in colonic (B85%) 10 and gastric (B45%) 10 signet-ring cell carcinomas, but usually absent in mesotheliomas, can be useful in assisting in discriminating signet-ring cell carcinomas of the gastrointestinal tract from signetring cell mesotheliomas. Signet-ring cell carcinomas of the breast can be distinguished from signet-ring cell mesotheliomas by the combined use of breastassociated markers, such as mammaglobin and gross cystic disease fluid protein-15, estrogen receptor, which has been reported to be frequently positive in signet-ring cell breast carcinomas, but negative in signet-ring cell mesotheliomas, 8, 63, 64 and mesothelioma markers, such as WT1 and podoplanin, which are frequently expressed in mesotheliomas, but negative in breast carcinomas. 65 Although signet-ring cell mesotheliomas can be confused with metastatic signet-ring cell carcinomas, it should be kept in mind that the presence of signet-ring cell morphology is not a feature that is exclusively seen in epithelial tumors, as other neoplasms, such as epithelioid hemangioendotheliomas 66 and melanomas, [67] [68] [69] can, on occasion, exhibit this morphology. When the latter tumors are included in the differential diagnosis, immuno- staining for endothelial markers, such as CD31 or CD34, or melanoma markers, such as melan A or HMB-45, which are commonly expressed in epithelioid hemangioendotheliomas and melanomas, respectively, but which are absent in mesotheliomas, can assist in distinguishing between these malignancies and signet-ring cell mesotheliomas. 65 In conclusion, pathologists should be aware that mesotheliomas can, on occasion, present prominent signet-ring-like features and that, because of this, they can potentially be confused with other tumors exhibiting similar morphology, particularly signetring cell carcinomas, as was shown in two previously published case reports, as well as in two of the mesotheliomas in the present series that were initially diagnosed as metastatic adenocarcinomas with signet-ring cell features. In those instances in which the differential diagnosis between signet-ring cell mesothelioma and metastatic signet-ring cell carcinoma is difficult, immunohistochemical studies can be very helpful when the panel of markers includes those that are commonly expressed in mesotheliomas, such as WT1, podoplanin, keratin 5/6, and calretinin, broad-spectrum carcinoma markers that are frequently expressed in adenocarcinomas regardless of their site of origin (ie, MOC-31 and CEA), and organ-associated markers, which allow the site of origin of a metastatic adenocarcinoma to be determined. 65 Electron microscopy can also be very useful, not only because it permits the identification of ultrastructural mesothelioma markers, such as the presence of the long, slender microvilli that are characteristic of mesothelioma, and the mucin granules that are a feature of adenocarcinomas, but it also allows a better understanding of the morphologic features seen on routine light microscopy.
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